The cascade mass reconstruction approach was applied to simulated production of the lightest stop quark at the LHC in the cascade decayg →t1 t →χ 0 2 t t →lR ℓ t t →χ 0 1 ℓ ℓ t t with top quarks decaying into hadrons. The stop quark mass was reconstructed assuming that the masses of gluino, slepton and of the two lightest neutralinos were reconstructed in advance.
I. INTRODUCTION
If supersymmetry exists at an energy scale of 1 TeV, the study of third generation sleptons and squarks at the LHC is of a special interest. Their masses can be very different from that of sparticles of the first and second generation, because of the effects of large Yukawa and soft couplings as can be seen from the renormalization group equations. Furthermore they can show large mixing in pairs (t L ,t R ), (b L ,b R ) and (τ L ,τ R ). A detailed discussion of possible SUSY effects at the LHC is given in [1] .
In this paper we consider the mass reconstruction of the lightest stop quark (t 1 ) in the cascade decaỹ g →t 1 t →χ 0 2 t t →l R ℓ t t →χ 0 1 ℓ ℓ t t (1) with the top quarks decaying into hadrons. The gluino decay chain (1) is represented in Fig. 1 , in which all final state particles are explicitly shown. Here, the considered leptons are electrons and muons (ℓ = e, µ). The lightest neutralinoχ 0 1 is invisible to the particle detector, whereas b quarks and light quarks (labeled as 'q' in Fig. 1 ) are observed as jets. Approaches to stop quark mass reconstruction in different decay chains and for different points in the MSSM parameter space are discussed in literature (for example in [2] [3] [4] [5] [6] [7] ). Recent limits from searches for stop quarks were published in [8] .
The reconstruction of a SUSY event is complicated because of the escaping neutralinos and of the many complex and competing decay modes. At present, there are two different approaches to SUSY mass reconstruction. The endpoint method, which has been widely studied [2] [3] [4] [9] [10] [11] [12] [13] [14] [15] [16] [17] , looks for kinematic endpoints of invariant mass distributions. The second method is the mass relation approach [18] [19] [20] [21] , based on the "mass relation equation" which relates the masses of the SUSY particles and the measured momenta of the detected particles. It was shown in [20] that the mass relation approach can be successfully used for integrated luminosities as low as a few fb −1 . In this work, the mass relation approach of [20] is used for measuring the mass of the lightest stop quark t 1 , assuming about 20 fb −1 of integrated luminosity in LHC proton-proton collisions at √ s = 14 TeV, under the assumption that the masses of the gluino, slepton and of the two lightest neutralinos have been reconstructed in advance with 10-20% uncertainty. At such low integrated luminosity, the stop mass reconstruction is quite challenging because of a high level of SUSY background (sparticles created in decay chains different from that of Fig. 1 ) and Standard Model tt background.
In this paper, a particular example is chosen (the SU3 model; section II) to illustrate the method. First, an "event filter" is applied to suppress the background (section III), making use of a likelihood function built with the known uncertainties on jet and lepton measurements, constrained by the mass relation equation. Next, events which do not satisfy the kinematic limits derived from the chain (1) are discarded (section IV). Finally, a combinatorial mass reconstruction method (section V) is applied to find the best estimate of the stop mass from the maximization of a combined likelihood function, which
100 300 −300 6 > 0 depends on all five sparticle masses (gluino, stop, slepton and the two lightest neutralinos) and is constructed for each possible permutation of the final state particles.
II. SIMULATION
The particular mSUGRA model chosen for this work is the bulk point SU3, one of the official benchmark points of the ATLAS collaboration [1] , which is compatible with the recent precision WMAP data [22] . The values of the relevant mSUGRA parameters are given in Table I . For the SUSY particles in the cascade process (1), the theoretical masses and the production cross section have been found by ISAJET 7.74 [23] as reported in Table II .
The branching ratio for the gluino decay chain (1) at the SU3 point is Monte Carlo simulations of SUSY production for the SU3 model point were performed with the HERWIG 6.510 event generator [24] . Later, the produced events were passed through the AcerDET detector simulation [25] , which parametrized the response of a generic LHC detector (ATLAS and CMS detector descriptions can be found in [26] and [27] ). The efficiency for b-jet reconstruction and labeling was set to 80%, whereas the calorimeter response to electrons and jets was e : σ E = 0.12
For muons, the same response function as for electrons has been used as first approximation. A sample of 400k SUSY events (including signal and background processes) was generated. This approximately corresponds to 20 fb −1 of integrated luminosity for the SUSY SU3 point production cross section of 19 pb at 14 TeV. The masses ofg,χ Table II were given as input and it was assumed that these masses had been already measured with about 10-20% uncertainty with the method explained in [20] .
In order to isolate the chain (1) and to suppress the background, the following selection cuts were applied to the reconstructed quantities:
• exactly two isolated opposite-sign same-flavor (OSSF) leptons (either electrons or muons) with transverse momentum p T > 20, 10 GeV; • two b-tagged jets with p T > 50 GeV;
• at least three jets with p T larger than 150, 100, and 50 GeV
• at least nine jets with p T > 10 GeV (including btagged jets);
• no τ -tagged jets;
• M eff > 600 GeV and E miss T > 0.2M eff , where M eff is the scalar sum of the missing transverse energy and the transverse momenta of the four hardest jets and E miss T is the missing transverse energy;
• lepton invariant mass 50 GeV < M ℓℓ < 105 GeV.
A total of 24 signal and 191 background events are left after applying these cuts: the SUSY background to the signal process (1) is thus significant (the classification of events as signal and background is based on the knowledge of the simulated information).
As shown in [2] , the SM processes are suppressed significantly by the above requirements. The SM dominant background surviving the hard cuts is tt production, where both W bosons decay leptonically producing a b b l l state. Since the tt production cross section is about 833 pb, a 17M tt sample, corresponding to 20 fb −1 of integrated luminosity, was generated with the HERWIG event generator. After applying the above selection cuts, only 21 tt background events survive.
Note that the requirement of high hadronic activity is important for the tt background suppression. If the cut on the total number of jets N jet ≥ 9 is loosened to 7 jets, the number of tt events surviving the selection cuts increases to 115.
For every event, light jets (i.e. not tagged as b-jets) were combined in pairs whose invariant mass has been reconstructed. Only the independent pairs whose M inv is in the range 60-100 GeV (W boson region) have been retained and events with less than two jet pairs have been rejected. The invariant mass distribution obtained with all combinations is shown in Fig. 2 .
Next, all combinations of a j j pair and a b-jet have been considered, retaining only those with M inv =145-205 GeV, representing the acceptable W-b pairs in the top quark region (Fig. 3) . After this step, from the initial 215 SUSY events (signal + background), a total of 834 b j j combinations were identified as candidates for a top quark decay t → b W → b j j, coming from 23 signal and 70 background events. Thus at this stage only one signal event was lost. On the other hand, applying the same procedure to the 21 tt background events left only 3 events with 21 b j j combinations as candidates for a top quark decay.
Naively, one would think that this selection should let all tt background events survive, but it is clearly not the case. If a W-boson decays leptonically an invariant mass of light jets is not related with the W-boson mass. Also a parton showering leads to redistribution of energy and this means that the momenta of the b-quark and the Wboson are not sufficient to give the top invariant mass. The final result is that most tt events are dropped at this stage.
III. BACKGROUND SUPPRESSION
To suppress the background before the last (combinatorial) step, an event filter is used which assumes that the masses ofχ (Table II) . The event filter maximizes, for each event, a likelihood function constrained by the mass relation equation, or equivalently minimizes the function:
where the index i runs over the two leptons and the two t-quarks, p meas i and σ i are the reconstructed momentum and its uncertainty, and p event i is the true momentum, which is varied to find the minimum (only uncertainties in jet and lepton energy measurements are taken into account). The parameter λ is a Lagrange multiplier and f ( m, p) = 0 is the mass relation.
The constraint f ( m, p) = 0 is the key of the "mass relation approach": it relates the masses of the SUSY particles to the measured momenta of the final state particles in the chain (1) [18] [19] [20] . The mass relation constraint is obtained as a solution of a system of four-momentum 
2 where the right hand part is in terms of the four-momenta of the lightest supersymmetric particle (LSP), the detectable leptons, and the reconstructed top quarks. Similar relations can be obtained for each SUSY vertex in the process (1), which contains four vertices, hence one gets four kinematic equations that can be solved to find the four components of pχ0 1 in terms of the SUSY masses and the momenta of the detectable and reconstructed particles. By substituting these components into the on-shell mass condition for the LSP, m
, the mass relation constraint includes all SUSY masses ( m) and the momenta ( p) of the detectable leptons and of the reconstructed t-quarks in the process (1). The explicit form of f ( m, p) = 0 is given by [18] [19] [20] .
Note that in the decay chain (1) the locations of each of the two t-quarks and of each of the two leptons are unknown. Here, it is assumed that the t-quark with higher energy originates from the gluino decay. In addition, we assumed that the leptons with higher p T originate from theχ 2 decay. The momentum resolution for a t-quark is computed as σ = σ b-jet ⊕ σ jet 1 ⊕ σ jet 2 , where all jets are assumed to have the resolution mentioned above (equation (3) in section II).
In the numerical minimization procedure by MC sampling, the gluino mass is left free to vary within ±20% from the value reported in Table II (a Gaussian sampling) , and the stop mass is left free to vary uniformly in the range 480±120 GeV because the stop mass is unknown at this step. The latter range has lower limit approximately related with the kinematic condition for a stop decay mt 1 > mχ0 2 + m t and is limited from above by the sbottom quark mass, which is about 600 GeV for the SU3 point.
For signal events, the event likelihood distribution has a maximum in the region of the (g,t 1 ) mass plane correlated with the true masses ofg andt 1 . Hence, signal events should give a peak in the region of the true masses. On the other hand, for background events there is no strong correlation between the likelihood maximum and the true masses ofg andt 1 . Therefore, if we arbitrarily chose a point in the (g,t 1 ) mass plane in the range close to true masses, there is a very high probability that the value of χ 2 found from equation (4) is smaller for a signal event than for a background one. For each event, 10 5 points in the mass plane were generated in the range 720 ± 144 GeV for the gluino and 480 ± 120 GeV for the stop quark, and the χ 2 was calculated. Results of event filter are presented in Fig. 4 . This figure shows the number of events versus the number of trials per event in which χ 2 < 10. Two groups of events can be seen: a group with the number of accepted trials close to zero and a group with more than a few hundred of accepted trials. The first group presents background events for which unlike for signal events a minimum of χ 2 need not be in the considered mass range. Thus if χ 2 < 10 in at least 300 trials per event, this event was considered as a signal candidate and was retained for the subsequent analysis.
Before the application of the event filter, we had 23 signal events, 70 SUSY background events and 3 Standard Model tt background events. After the application of the event filter, the SUSY background events were reduced approximately by a factor of 2 while a single signal event was lost: 22 signal events, 37 SUSY background events and 3 tt background events survived.
IV. KINEMATIC LIMITS
It was shown [2] [3] [4] [9] [10] [11] [12] [13] [14] [15] [16] [17] that the endpoint method could be very useful in SUSY particle mass reconstruction for finding relations between the masses of the SUSY particles involved in a decay chain and to determine their masses. Such a method allows mass reconstruction without relying on a specific SUSY model. In particular, the endpoint method can be applied to a decay chain of the type
where particles A, B, C are invisible but particles b and c are considered as visible (they can be either directly detected or indirectly reconstructed from the properties of final state particles).
In the literature, kinematic limits on the invariant mass distribution of b c pairs in decay (5) over a variable q 2 = (p b + p c ) 2 often are given for the case in which at least one of the visible particles is massless. However, in some cases both particles b and c can have a non-negligible mass. For example, this is the case when a gluino decays into a stop quark and top quark. These kinematic limits for the case of all massive particles in process (5) are given [28] [29] [30] by
with
where the upper edge corresponds to the case when b and c particles are moving in opposite directions in the rest frame of particle A and the lower edge corresponds to the case when b and c particles are moving in the same direction. A nonzero lower limit is a consequence of nonzero masses of the particles.
The kinematic limits from equation (6) for the process (1) are q min = 375.1 GeV and q max = 496.8 GeV for particles created on-shell. Because SUSY particles can also be created off mass shell, we have set a wider range. By choosing a cut at 525 GeV in tt invariant mass, the number of events remaining after the event filter selection is reduced to 21 signal events, 34 SUSY background events and 3 tt background events.
V. STOP QUARK MASS RECONSTRUCTION
If all sparticle masses but the stop mass in the decay chain (1) were known, the mass relation equation would allow finding the stop mass directly. However, we assume that these masses are known at integrated luminosity of 20 fb −1 with an uncertainty of 10-20%. In order to take this into account, at the final step of the stop mass reconstruction we allow for all sparticle masses to vary in ranges defined by their uncertainties. Because in this case for each event there are five unknown masses, at least five events are required to reconstruct sparticle masses. The combinatorial procedure of [20] is used for the final stop mass reconstruction, applied only to the events that pass the event filter. It is important to make the most effective cuts in advance, because such procedure is computationally very intensive due to combinatorics: all possible groupings of five events in the sample are considered.
For each set of five events, a combined likelihood function is built and maximized. For sparticle masses the combined likelihood function for the combination is defined as the product of the maximum likelihood functions for individual events. Finding a maximum of the combined likelihood function for the combination is the same as searching for a minimum of the function
In Eq. (10), min(χ 2 event ) i is a result of searching for a minimum of the χ 2 event function for an individual event. For each of the five events in the combination, the min(χ 2 event ) is fitted with 9 parameters (four particle momenta and five SUSY masses).
The χ 2 function for an individual event is defined by
where the variables with superscript "event" are those with respect to which one has to minimize. The first term in equation (11) takes into account the deviations of the reconstructed momenta of the t-quarks, or the measured momenta of the leptons, from the true ones. The second term takes into account the intrinsic width of the SUSY particle masses, in the Gaussian approximation (instead of a Breit-Wigner distribution). The standard deviations corresponding to the mass widths are taken to be 15 GeV for the gluino, 2 GeV for the stop and 1 GeV for all light masses. The first two numbers are comparable with the theoretical widths for the heavy SUSY particles. The last number takes into account the fact that light SUSY particles are either quite narrow or stable. We note that the results of the mass reconstruction are not strongly sensitive to the actual values of sparticle widths. In equation (11) the mass relation and the ℓ ℓ edge, which relates three light sparticle masses for chain (1) , are included by means of the Lagrange multipliers λ 1 and λ 2 . The ℓ ℓ edge (103.1 GeV) can be obtained, for example, from Eq. (6) by plugging in the correspondent light sparticle masses and zero lepton masses.
The minimization is done numerically by means of MC samplings of the parameter space. The sampling is uniform for the stop mass, in the range: 480 ± 120 GeV. For the masses ofg,χ Table II and standard  deviations of 72, 20, 20, 20 GeV, which approximately corresponds to uncertainties of 10%, 10%, 15%, 20% in sparticle masses found in [20] . The MINUIT code [31] is used to search for the minimum of the χ 2 comb function (10).
The reconstructed SUSY particle mass distribution, together with a Gaussian fit, is shown in Fig. 5 . As can be seen in this figure, the reconstructed stop mass distribution is described approximately by a Gaussian with the mean value of 483 GeV and standard deviation 36 GeV.
The asymmetry of the stop mass distribution toward higher masses can be explained by the nearness of the kinematic edge for the stop decayt 1 →χ 0 2 + t to the stop mass so that high masses are generated more often than lower values. This is not accounted for in the Monte Carlo sampling, for which we have uniformly generated the values of the stop mass.
In order to understand the role of background and of the simulated detector effects, the stop mass has been reconstructed using generator-level momenta without SUSY background and Standard Model tt background, and the result is shown in Fig. 6 . In this case, as expected, the reconstructed stop mass is very close to the theoretical mass and the width of the distribution is smaller because of the absence of detector effects. It follows from comparison of Fig. 5 and Fig. 6 that the presence of background tends to shift the stop mass peak position to the region of higher masses.
VI. CONCLUSION
We applied the cascade mass reconstruction approach developed in [20] for reconstructing the mass of the 3 rd generation supersymmetric quark, assuming 14 TeV proton-proton collisions at the LHC with integrated luminosity of about 20 fb −1 . At such relatively low integrated luminosity, the stop mass reconstruction is complicated because of a high level of SUSY and Standard Model tt backgrounds and of the low branching ratio for the gluino decay chain involving a stop quark. Our approach to the stop mass reconstruction is based on the consecutive use of an event filter and of a combinatorial mass reconstruction method.
In this work, we considered the stop mass reconstruction at the SU3 mSUGRA point and we obtained an estimate of the stop mass with a precision of about 10%. We expect that our approach should work for different MSSM parameters as well, provided that a decay chain containing at least four successive two-body decays and involving five SUSY particles has a sufficiently large branching ratio to be identified in a heavy background environment.
